Diabetes mellitus can affect both the peripheral and the central nervous system. However, central deficits are documented less well than peripheral deficits. We therefore compared the course of development of neurophysiological changes in the central and peripheral nervous systems in streptozotocin-diabetic rats. Sciatic nerve conduction velocities and auditory and visual evoked potentials were measured prior to diabetes induction, and then monthly after diabetes induction for 6 months. In addition, the effect of insulin treatment was examined. Treatment was initiated after a diabetes duration of 6 months and was continued for 3 months. During treatment, evoked potentials and nerve conduction were measured monthly. In a third experiment, conduction velocities in ascending and descending pathways of the spinal cord were examined after 3 and 6 months of diabetes. Impairments of sciatic nerve
Introduction
Peripheral nervous system disorders are one of the more frequent long-term complications of diabetes mellitus. The clinical features, epidemiology and pathophysiology of peripheral diabetic neuropathy have been studied extensively (for reviews, see Thomas and Tomlinson, 1993; Yagihashi, 1995) . Diabetes also affects the CNS (for review, see Biessels et al., 1994) . However, compared with the disorders of diabetes in the PNS, those in the CNS are less well characterized and the pathophysiology is largely unknown.
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conduction velocities developed fully during the first 2-3 months of diabetes. In contrast, increased latencies of auditory and visual evoked potentials developed only after 3-4 months of diabetes, and progressed gradually thereafter. Insulin treatment, initiated 6 months after induction of diabetes, improved both nerve conduction velocities and evoked potential latencies. Conduction velocities in the spinal cord tended to be reduced after 3 months of diabetes and were significantly reduced after 6 months of diabetes. The present study demonstrates that in streptozotocin-diabetic rats the course of development of peripheral and central neurophysiological changes differs. Peripheral impairments develop within weeks after diabetes induction, whereas central impairments take months to develop. Insulin can reverse both peripheral and central neurophysiological alterations.
In diabetic patients, deficits have been reported in neuropsychological, neuroradiological and neurophysiological studies. Neuropsychological studies report deficits in cognitive functions, in particular learning and memory and complex information processing (Tun et al., 1990) . Neuroradiological studies report modest cerebral atrophy and an increased occurrence of subcortical and brainstem lesions (Dejgaard et al., 1991; Araki et al., 1994) . Neurophysiological studies of the CNS in diabetic patients have mostly involved measurements of evoked potential latencies. Increases in the latencies of evoked potentials of different modalities, including visual evoked potentials (VEPs), brainstem auditory evoked potentials (BAEPs) and somatosensory evoked potentials, have often been reported (for review, see Di Mario et al., 1995) .
Neurophysiological alterations have also been described in animal models of diabetes, in particular in rats. In the PNS of diabetic rats the time course of neurophysiological changes is well established. Deficits in both motor and sensory nerve conduction velocity (MNCV and SNCV, respectively) can be detected within weeks after the onset of diabetes and increase up to 2-3 months after diabetes onset, remaining relatively stable thereafter (e.g. Moore et al., 1980; Cameron et al., 1986; Brismar et al., 1987; Kappelle et al., 1993) . Studies of MNCV and SNCV in diabetic rats have made important contributions to the elucidation of the pathogenesis of the effects of diabetes on the PNS, as well as in the development of putative pharmacotherapy (for review, see Cameron and Cotter, 1994) . Neurophysiological alterations have also been reported in the CNS of diabetic rats (e.g. Carsten et al., 1989; Rubini et al., 1992; Sima et al., 1992; Terada et al., 1993; Morano et al., 1996) , but the course of development is incompletely documented. Differences in test parameters, age at diabetes induction and diabetes duration complicate the comparison of different studies (see Discussion and Table 3 ). This is an important limitation for experimental studies into the pathophysiology of the CNS effects of diabetes. Therefore, the aim of the present study was to evaluate the course of development of neurophysiological alterations in the CNS in diabetic rats and to compare this with the course of development of neurophysiological alterations in the PNS. Moreover, since a previous study in diabetic rats indicated that neurophysiological alterations in the CNS, in contrast to the PNS, cannot be reversed with insulin treatment (Morano et al., 1996) , a second aim of the study was to evaluate the effect of insulin treatment on established neurophysiological alterations in the CNS and PNS of diabetic rats.
Method Animals
We chose to perform our experiments in young adult streptozotocin (STZ)-diabetic rats, the model that is generally used in neurophysiological studies of experimental diabetes. Although the occurrence of maturation effects is a potential disadvantage of the use of young adult rats (Kappelle et al., 1993) , in our opinion this disadvantage is outweighed by the importance of clear documentation of the neurophysiological characteristics of the model of choice of the vast majority of studies in this field.
Male Wistar rats (starting weight~350 g, aged 3 months; UWU-CPD, Harlan, Utrecht, The Netherlands) were housed on sawdust, maintained on a 12 h light : 12 h dark cycle and given food and water ad libitum. They were weighed weekly. Diabetes was induced by a single intravenous injection of STZ (Serva Feinbiochemica GMBH, Heidelberg, Germany) at a dose of 40 mg/kg body weight, dissolved in saline. Four days after the STZ injection, glucose was determined in blood samples obtained by pricking the tail, using a stripoperated blood glucose sensor (Companion2; Medisense, Birmingham, UK). Blood glucose levels were Ͼ15.0 mmol/ l in all STZ-injected animals. All experiments were conducted according to the guidelines of the Utrecht University Committee for the welfare of experimental animals.
Experimental design Experiment one: time-course study
Two groups of rats were used: a diabetic group (n ϭ 11) and an age-matched, non-diabetic control group (n ϭ 12). MNCV and SNCV in the sciatic nerve were used to monitor the effect of diabetes on the PNS. BAEPs and VEPs were used to monitor the effects on the CNS. MNCV, SNCV, BAEPs and VEPs were measured before induction of diabetes. After induction of diabetes these measurements were repeated every month for a period of 6 months.
Experiment two: insulin reversal study
To examine the effect of insulin on diabetes-induced changes in MNCV, SNCV, BAEPs and VEPs an additional experiment was performed in three groups of rats: an untreated diabetic group (n ϭ 8), an insulin-treated diabetic group (n ϭ 6) and a non-diabetic, age-matched control group (n ϭ 8). Insulin treatment was initiated after 6 months of diabetes and continued for 3 months. Insulin was administered through subcutaneous implants at a dose of 2-4 U per day [Linplant; Møllegaard, Ejby, Denmark; release per implant, 2 i.u. insulin per day for Ͼ40 days (Kappelle et al., 1994; Stevens et al., 1994) ]. MNCV, SNCV, BAEPs and VEPs were measured prior to the onset of the insulin treatment and repeated after 2 and 3 months.
Experiment three: conduction velocity in the spinal cord

Sciatic nerve electrophysiology
MNCV and SNCV were measured in the sciatic nerve according to the method described by De Koning and Gispen (1987) . In short, the sciatic and tibial nerve were stimulated at the sciatic notch and ankle, respectively. The latencies of the responses of the musculature of the foot were measured. The MNCV and SNCV were calculated by dividing the distance between the two stimulation points by the differences in latencies of the M response and the H reflex after proximal and distal stimulation.
Evoked potentials Placement of recording electrodes
One week prior to the baseline measurement, rats were anaesthetized with Hypnorm® (Janssen Pharmaceutica, Tilburg, Netherlands; containing fluanisone 10 mg/ml and fentanylcitrate 0.315; mg/ml; dose, 0.7 ml/kg intramuscularly). Two stainless steel screws were implanted permanently into the skull, one over the left frontal region [coordinates, A 2.0, L 2.0 with bregma as reference point (Paxinos and Watson, 1986) ] and one over the left occipital cortex (A -7.0, L 3.0) (adapted from H. J. Duckers, F. H. Lopes da Silva and W. H. Gispen, unpublished observations). Care was taken not to penetrate the dura. The animals were allowed to recover for 1 week.
Stimulation protocol BAEPs
For measurements of the evoked potentials, rats were slightly sedated with a low dose of Hypnorm (0.15 ml/kg subcutaneously) in order to prevent them from moving. The rat was placed in a soundproof, darkened room. For the recording of auditory evoked potentials a speaker was placed 30 cm above the head of the rat. Acoustic stimuli were presented as clicks (unfiltered square waves of 100 µs duration with constant polarity, applied at a frequency of 10 Hz). The threshold of the BAEP was determined, defined as the minimal sound pressure level to evoke a response of at least 0.5 µV at a latency of~5 ms. BAEPs were then recorded at a sound pressure level of 60 dB above threshold.
Recording and analysis BAEPs
BAEPs were recorded from the posterior screw and referred to the anterior screw. An earth electrode was connected to the front paw. BAEPs were amplified, filtered (bandpass 216-3400 Hz) and stored in a computer. For analysis, 512 traces (sweep length 40 ms) were averaged. The latencies of waves I, III and V were determined (Fig. 3) . Although some uncertainty remains as to the generators of these waves, wave I is generally assumed to be generated in the auditory nerve, wave III in the superior olivary complex and wave V in the lateral lemniscus or the inferior colliculus (Funai and Funasaka, 1983; Wada and Starr, 1983; Shaw, 1988) . Hence, the latency of wave I and the interpeak latencies I-III and III-V were used as a measure of the function of the auditory nerve, the pontomedullary region and the rostral pontine and midbrain region, respectively.
Stimulation protocol VEPs
VEPs were evoked with flash stimuli (Mecablitz 40 MZ2 flashbulb; Metz Werke, Fürth, Germany; flash duration 70 µs, output per flash 3 J) delivered at an upward angle of 90°, 25 cm from the eyes at a frequency of 0.67 Hz. The ears of the animals were occluded.
Recording and analysis VEPs
VEPs were amplified, filtered (bandpass 1-586 Hz) and stored in a computer. For analysis, 128 traces (sweep length 450 ms) were averaged. Four waves could be identified, which were designated N1, P1, N2 and N3 (Fig. 4) . The latencies of these waves were~30, 38, 62 and 106 ms, respectively. These latencies and the general appearance of the VEP in the present study were similar to VEPs in the rat in previous studies (Sima et al., 1992; Schwarz and Block, 1994; Barth et al., 1995) . Peaks N1 and P1 have been suggested to be generated in the primary and secondary visual cortex, whereas N2 and N3 may be generated in associative cortical areas beyond the classically defined visual cortex (Barth et al., 1995) . In the present study, peaks P1 and N3 could be identified most reliably and therefore the latencies of these two peaks were used to monitor the effects of diabetes on the VEP.
In a pilot study, BAEPs and VEPs recorded in rats sedated with Hypnorm were compared with recordings of rats that were awake. Hypnorm injection did not affect the latency of peak I, nor did it affect the interpeak latencies I-III and III-V. The latencies of peak P1 and N3 in the VEP increased by 8 and 20%, respectively, in rats injected with Hypnorm.
Conduction velocity in the spinal cord
The procedure for the measurements of conduction velocity in the spinal cord was adapted from the method described by van de Meent et al. (1996) . Rats were anaesthetized with Hypnorm (1.0 ml/kg intramuscularly), intubated and ventilated mechanically after neuromuscular blockade with suxamethonium chloride (1 mg/kg intravenously). Next, they were placed in a stereotact on a heating pad, and rectal temperature was maintained at 37.5 Ϯ 0.5°C.
Placement of recording electrodes
Bipolar recording electrodes consisted of thin gold plates 1 mm in diameter and with an interpolar distance of 5 mm. A laminectomy was performed at the seventh cervical (C7) and the eleventh thoracic (T11) vertebra and the recording electrodes were placed in the epidural space beneath the vertebral arch of C6 and T10. The dura was left intact. An earth electrode was placed at the ear bars of the stereotact.
Stimulation protocol
For measurements of the conduction velocity in the descending spinal pathways, a stainless steel stimulation electrode, insulated except for the tip, was placed in the red nucleus on the left side, using the stereotact (Paxinos and Watson, 1986) . A reference electrode was placed into the scalp next to the burr hole. Monophasic pulses of 100 µs duration were presented at a frequency of 5 Hz. First, the threshold stimulus intensity (the minimum intensity to evoke a response of at least 10 µV at T10) was determined. Next, recordings were made at a stimulus intensity of twice the threshold intensity. For measurements of conduction velocity in the ascending spinal pathways the left sciatic nerve was exposed at the thigh and a bipolar stainless steel stimulation electrode was placed around it. Monophasic pulses of 100 µs duration were presented at a frequency of 5 Hz. The threshold stimulus intensity (the minimum intensity to evoke a response of at least 2 µV at C6) was determined and further recordings were made at a stimulus intensity of twice the threshold intensity.
Recording and analysis
Evoked responses were recorded simultaneously at C6 and T10 and amplified, filtered (bandpass 1-3400 Hz) and stored in a computer. For analysis, 128 traces (sweep length 25 ms) were averaged. For measurements of the conduction velocity in the descending spinal pathways, the red nucleus was stimulated and the latency of the first negative peak at both C6 and T10 was measured (Fig. 1A) ; the first positive peak was discarded because in some rats it was not clearly separated from the stimulus artefact. Conduction velocity was calculated by dividing the distance between the recording sites by the difference between the peak latencies of C6 and T10. The general appearance of the evoked responses and the calculated conduction velocity (~75 m/s) was similar to previous studies in the rat (Fehlings et al., 1988; van de Meent et al., 1996) . The early waves of the response are thought to be generated in the rubrospinal tracts (Zappulla et al., 1988; van de Meent et al., 1996) , since these tracts present a major proportion of the extrapyramidal motor pathways of the rat and have a conduction velocity of at least 40-50 m/s (Kuypers, 1981) . The response is not likely to be generated by the pyramidal tracts, since in rats these tracts consist of unmyelinated and small-diameter myelinated fibres, with an estimated conduction velocity of 8-18 m/s (Zappulla et al., 1988) . For measurements of the conduction velocity in the ascending spinal pathways, the sciatic nerve was stimulated and the latencies of the first negative peak at both C6 and T10 were measured (Fig. 1B) , and conduction velocity was calculated. The general appearance of the evoked responses and the calculated conduction velocity (~45 m/s) were similar to previous studies in the rat (Carsten et al., 1989) . The response is thought to be generated in the dorsal column (Fehlings et al., 1988; Carsten et al., 1989) .
Statistical analysis
Data are presented as mean Ϯ SEM (standard error of the mean). Between-group differences in body weight, blood glucose and spinal cord conduction velocities were analysed with two-tailed t tests for independent samples in Experiments 1 and 3 and by one-way analysis of variance (ANOVA) with post hoc Duncan's multiple range tests in Experiment 2. Analysis of variance for repeated measurements (ANOVAR) was used to study interactions between group and time on MNCV, SNCV and BAEP and VEP latencies in Experiment 1. The difference at individual time-points was analysed with two-tailed t tests for independent samples with Bonferroni correction (α ϭ 0.01).
The effect of insulin treatment on MNCV, SNCV and BAEP and VEP latencies in Experiment 2 was assessed by an ANOVA at the onset and the end of insulin treatment. If the ANOVA was significant (P Ͻ 0.05), post hoc Duncan's multiple range test was used to examine differences between the individual groups.
Results
Experiment 1: time-course study Animals, sciatic nerve conduction velocity
Diabetic animals failed to gain weight during the 6 months of the experiment and at the end of the experiment they had significantly reduced body weights and increased blood glucose levels compared with control animals (Table 1) .
MNCV and SNCV in non-diabetic rats increased gradually during the first 2-3 months of the experiment (Fig. 2) . In diabetic rats, MNCV and SNCV failed to increase. After 3 months, a deficit in MNCV of 8-10 m/s and in SNCV of 10-12 m/s had developed relative to control animals. These deficits remained stable during the final 3 months of the experiment. The interaction between group and time was significant for both MNCV and SNCV (ANOVAR: MNCV, P Ͻ 0.001; SNCV, P Ͻ 0.001).
Evoked potentials BAEP (Fig. 3 ). The minimal sound pressure level to evoke a detectable response was similar in diabetic and control rats and did not change during the course of the study (data not shown). Peaks I, III and V of the BAEP could be identified in all rats.
The latency of peak I was relatively stable in non-diabetic rats (Fig. 3) . In contrast, in diabetic rats it appeared to decrease during the first month of the experiment. After 2 months of diabetes, the latency of peak I was significantly Initial weights at induction of diabetes was 372 Ϯ 4 g in Experiment 1 and 362 Ϯ 6 g in Experiment 2. In Experiment 2 insulin treatment was initiated 6 months after induction of diabetes. Data are mean Ϯ SEM, and were analysed by two tailed t tests in Experiment 1 and by one-way ANOVA with Duncan's multiple range test in Experiment 2. *P Ͻ 0. 01 versus control; **P Ͻ 0. 01 versus insulin-treated.
lower than in controls (P Ͻ 0.01). After 6 months of diabetes, the latency of peak I was similar in the two groups. The interpeak latency I-III decreased gradually in control rats during the first 4 months of the study (Fig. 3) . In diabetic rats this decrease was greater and after 1 month of diabetes the interpeak latency I-III was significant lower than in controls (P Ͻ 0. 005). After 2 months of diabetes the interpeak latency I-III started to increase gradually and at 5 and 6 months after diabetes induction it tended to be higher than in control rats (not significant).
The interpeak latency III-V was relatively stable in nondiabetic rats (Fig. 3) . It was similar in control and diabetic rats during the first months of the experiment. After 2-3 months it started to increase in diabetic rats, and was statistically significant after 4 months of diabetes.
VEP (Fig. 4) . Peak P1 could be identified in all but one control rat and two diabetic rats. Peak N3 was identified in all but two control and two diabetic rats. In non-diabetic rats the latencies of peaks P1 and N3 were stable in time at a latency of~37 and 105 ms, respectively. The latencies of peaks P1 and N3 were similar in control and diabetic rats during the first months of the experiment. After 3 months the latencies of both peaks started to increase in diabetic rats. For both peaks the increase in latency was statistically significant after 4 months of diabetes.
The eyes of all diabetic rats were carefully checked for the development of cataract. Cataracts were detectable after At each time-point from 1 to 6 months the difference between the groups was significant for both MNCV and SNCV (t test with Bonferroni correction; P Ͻ 0.005 at all time points). Data are mean Ϯ SEM. and N3. Latencies were similar in diabetic rats with and without cataracts, and exclusion of all rats with cataracts did not affect the mean latencies of the diabetic group.
Experiment 2: effects of insulin reversal treatment Animals, sciatic nerve conduction velocity
When insulin treatment was initiated, blood glucose levels dropped and body weight rose steadily. The blood glucose level in the insulin-treated animals averaged 8. 7 Ϯ 0. 9 mmol/l in repeated measurements (Table 1) . Prior to the onset of insulin treatment, SNCV and MNCV were markedly reduced in the diabetic rats compared with controls (Fig. 5) . Both MNCV and SNCV in the non-treated diabetic rats were significantly impaired compared with non-diabetic controls at 6 and at 9 months. After 3 months of treatment both MNCV and SNCV had increased significantly in insulintreated compared with untreated diabetic rats. The final values of MNCV and SNCV in the insulin-treated animals approached those of controls.
Evoked potentials (Fig. 6) Peaks I, III and V of the BAEP could be identified in all rats. At the onset of Experiment 2, after a diabetes duration of 6 months, the latency of peak I and the interpeak latency I-III were 1. 84 Ϯ 0.03 and 1. 51 Ϯ 0.02 ms, respectively, in control rats and 1. 87 Ϯ 0.01 and 1. 62 Ϯ 0.02 ms in diabetic rats. Insulin treatment had no significant effects on these latencies (data not shown). The BAEP III-V interpeak latency in the diabetic rats was significantly increased compared with non-diabetic controls at the onset of treatment. After 3 months of treatment the untreated diabetic group was still significantly impaired compared with controls, whereas the BAEP III-V interpeak latency in the insulin-treated diabetic rats approached the non-diabetic control value (Fig. 6) .
Peak P1 of the VEP could be identified in all but two untreated diabetic rats. Peak N3 was identified in all but one control and one untreated diabetic rat. At the onset of treatment the VEP P1 and N3 latencies in both groups of diabetic rats were significantly increased compared with nondiabetic controls. After 3 months of treatment VEP P1 and N3 latencies were still impaired in the untreated diabetic group, whereas the latencies in the insulin-treated animals approached those of controls (Fig. 6) .
The eyes of all diabetic rats were checked for the development of cataract. At the onset of treatment cataracts were present in one untreated rat and three insulin-treated diabetic rats. At the end of the experiment cataracts had developed in an additional two untreated diabetic rats. The presence of cataracts did not have an apparent effect on the latencies of peaks P1 and N3.
Experiment 3: conduction velocities in the spinal cord (Table 2)
Conduction velocity in the spinal cord was measured after 3 and 6 months of diabetes in separate groups of animals. After 3 months of diabetes, conduction velocities in both the descending and the ascending spinal pathways were reduced compared with controls, but not significantly. After 6 months of diabetes, there was a significant reduction in conduction velocities in both the descending (P Ͻ 0.01) and the ascending (P Ͻ 0.05) pathways in diabetic rats compared with controls (Table 2) .
Discussion
In this longitudinal study, we show that the course of development of neurophysiological alterations differs between the PNS and CNS in diabetic rats. In the PNS, impairments of MNCV and SNCV relative to control values developed during the first 2-3 months of diabetes and remained relatively stable thereafter. In contrast, neurophysiological impairments in the CNS were not observed during the first months of diabetes. Impairments of (I, III and V) . During the first months after diabetes induction the latency of peak I and the interpeak latency I-III were reduced in diabetic rats compared with controls. Latencies increased thereafter. The interpeak latency III-V was increased in diabetic rats compared with controls 3 months after diabetes induction. The interaction between group and time was significant [ANOVAR: latency peak I, F(6,126) ϭ 4.0, P Ͻ 0.005; interpeak latency I-III, F(6,126) ϭ 9. 4, P Ͻ 0.001; interpeak latency III-V, F(6,126) ϭ 11. 2, P Ͻ 0.001]. Significant differences between the groups at individual time points are indicated (t test with Bonferroni correction; # ϭ P Ͻ 0.05; x ϭ P Ͻ 0.01; ϩ ϭ P Ͻ 0.005). Data are mean Ϯ SEM.
the BAEP III-V interpeak latencies and VEP P1 and N3 latencies became detectable after 3-4 months of diabetes, and showed gradual progression thereafter. Likewise, conduction velocities in descending and ascending spinal pathways tended to be decreased after 3 months of diabetes, and were significantly decreased after 6 months of diabetes. Insulin treatment, initiated 6 months after induction of diabetes, significantly improved MNCV, SNCV and the VEP N3 latency and tended to improve the BAEP III-V interpeak and VEP P1 latency.
Course of development of peripheral and central neurophysiological impairments
The time-course of impairments in sciatic nerve conduction velocities corresponds with previous studies in STZ-diabetic rats (e.g. Moore et al., 1980; Brismar et al., 1987; Kappelle et al., 1993) . The increase in MNCV and SNCV in the nondiabetic control rats (Fig. 2) is commonly observed in longitudinal studies in young adult rats and is related to maturation of the nerve (Moore et al., 1980; Kappelle et al., 1993) . In diabetic rats MNCV and SNCV remained stable throughout the experiment, leading to a conduction deficit relative to controls of~10 m/s after 3 months of diabetes. It should be noted that the deficits in MNCV and SNCV in the diabetic rats do not reflect just an arrest of maturation: if diabetes is induced in fully grown rats, deficits in MNCV and SNCV develop in a manner similar to those in young adult rats, although the rate of development may be slower (Cameron et al., 1986; Kappelle et al., 1993; Wright and Nukada, 1994) . These latter findings emphasize that the conduction deficits that are observed in young adult diabetic rats are at least partially due to diabetes-induced pathology, the possible mechanisms of which will be discussed below.
The interpeak latency III-V was stable in time in nondiabetic rats. In diabetic rats, during the first 2 months after diabetes induction no changes were observed in the interpeak latency III-V. Thereafter, the latency increased gradually compared with controls. A similar time-course was observed for changes in the VEP P1 and N3 latencies. These findings correspond with previous studies of VEPs in diabetic rats, which report no increases in latencies after 2 months of diabetes (Apaydin et al., 1993) , but a significant increase in latencies from 4 months to 8 months after diabetes onset (Sima et al., 1992; Morano et al., 1996) (Table 3) . In diabetic rats, the changes in VEP latencies appeared to be unrelated to the development of cataract, since increases in the VEP latencies had usually developed after 4 months of diabetes, control (open circles; n ϭ 11); diabetic rats (closed circles; n ϭ 9). In one control rat and two diabetic rats P1 could not be identified. N3: control (open circles, n ϭ 10); diabetic rats (closed circles; n ϭ 9). In two control and two diabetic rats N3 could not be identified. P1 and N3 latencies were increased in diabetic rats compared with controls 3 months after diabetes induction. The interaction between group and time was significant [ANOVAR: P1, F(6,108) ϭ 12.0, P Ͻ 0.001; N3, F(6,84) ϭ 5. 9, P Ͻ 0.001]. Significant differences between the groups at individual time-points are indicated (t test with Bonferroni correction: # ϭ P Ͻ 0.05; x ϭ P Ͻ 0.01). Data are mean Ϯ SEM. whereas cataracts were detected in a significant proportion of the diabetic rats only after 5 months of diabetes. Moreover, in individual rats the development of cataracts was not associated with a shift in peak latencies. These findings are in line with the notion that the flash VEP is relatively insensitive to the effect of even severe opacification of the lens (Halliday and Kriss, 1993) . Although rats were not routinely checked for retinopathy, retinopathy is unlikely to explain the latency shift in the diabetic rat, since in this animal model the development of significant retinopathy may take more than 1 year (Engerman and Kern, 1995) and since the effect of even severe retinal dysfunction on flash VEP latencies appears to be limited (Halliday and Kriss, 1993) .
The study of the time-course of the early components of the BAEP provided unexpected results. In diabetic rats, the latency of wave I and the interpeak latency I-III tended to decrease rather than increase compared with controls. Since the latencies of the BAEP are determined by the condition of the components of the auditory pathway, as well as the length of the pathway, the differences between control and diabetic rats may reflect changes at various levels. It is possible that maturation and growth effects are involved in the difference between the two groups. The distance between the left and right external acoustic meatus of the control rats increased by~15% during the first 3 months of the experiment (data not shown), whereas it remained unchanged in diabetic rats. Although this distance provides an indirect measure, this may indicate that the length of the auditory pathways increased in control animals relative to diabetics, possibly explaining the difference in latencies between the two groups. This hypothesis has been tested in a separate experiment, using fully grown rats aged 8 months at the time of induction of diabetes, thus excluding growth effects as a possible confounder. During the first 2 months of this experiment no differences between diabetic and control rats were observed in the latency of wave I and the interpeak latency I-III (unpublished observations). These growth-related observations may explain part of the heterogeneity of the findings in previous studies on the effects of experimental diabetes on the early components of the BAEP, which generally used rats that were younger than the rats used in the present experiment (Table 3) .
It is concluded that evoked potentials can be used to examine the effects of experimental diabetes on the CNS. n ϭ 6) and insulin-treated diabetic (closed triangles; n ϭ 6) rats (in two untreated diabetic rats P1 could not be identified). (Right) Latency of peak N3 of the VEP in control (open circles; n ϭ 7), diabetic (closed circles; n ϭ 7) and insulin-treated diabetic (closed triangles; n ϭ 6) rats (in one control and one untreated diabetic rat N3 could not be identified). Latencies were increased in diabetic rats. Insulin treatment restored the evoked potential latencies towards control values. The values at baseline and after 3 months of treatment were analysed by one-way analysis of variance with Duncan's multiple range tests (significant differences between groups are indicated; # ϭ P Ͻ 0.05; x ϭ P Ͻ 0.01). Data are mean Ϯ SEM. 318 Ϯ 10** 25.4 Ϯ 1.4** 70.8 Ϯ 1.0** 37.9 Ϯ 0.8* Data are mean Ϯ SEM and were analysed by two-tailed t tests. *P Ͻ 0.05 versus control; **P Ͻ 0.01 versus control. † The animals at the 6-month time-point were also used in Experiment 1.
There are, however, certain limitations. Since experimental diabetes invariably leads to growth arrest, the latencies of evoked potentials may provide unreliable results in pathways that still increase in length in young adult rats. Therefore, studies of, for example, the peripheral components of the BAEP should be performed in fully grown rats. Pathways that are located more centrally, like the central components of the BAEP and the structures that generate the VEP, are affected much less by growth effects in young adult rats, since their growth is completed at a relative young age. To assess directly the effects of diabetes on axonal conduction in the CNS, conduction velocities were measured in the ascending and descending pathways of the spinal cord. Conduction velocities tended to be reduced after 3 months of diabetes and were significantly reduced after 6 months of diabetes. These findings are largely in line with a previous study on dorsal column function in diabetic rats, which showed no conduction abnormalities 1 month after diabetes induction but a modest reduction 3 months after diabetes induction [Terada et al. (1993) ; but see Carsten et al. (1989) in Table 3 ].
Effects of insulin treatment
In Experiment 2, it was shown that, even after 6 months of untreated hyperglycaemia, insulin treatment that led to nearnormalization of blood glucose levels restored sciatic nerve conduction velocities towards control levels. MNCV and SNCV improved gradually during the 3-month treatment period. This gradual improvement corresponds with previous observations in diabetic rats (Brismar et al., 1987) : after 6 months of uncontrolled hyperglycaemia, 3 weeks of vigorous STX ϭ streptozotocin. *ϩ ϭ age-matched controls included at all time-points studied; *-ϭ values for diabetic animals compared with values at diabetes onset. † Data for all groups were presented relative to baseline value; ‡ Non-diabetic control animals were measured only at the onset (0 days diabetes) and the end of the experiment (70 days of diabetes). § Changes are referred to control values; -ϭ no significant difference between control and diabetic rats. CV DC ϭ conduction velocity in dorsal column.
insulin therapy restored MNCV in spontaneously diabetic BB rats by 40%. Insulin treatment restored the interpeak latency III-V of the BAEP, as well as the latencies of peaks P1 and N3 of the VEP towards control values. However, although the evoked potential latencies of insulin-treated rats were not significantly different from those of controls after 3 months of treatment, the improvement compared with untreated diabetic rats was statistically significant only for the VEP N3 latency (Fig. 6 ). To our knowledge only one other study on the effects of restoration of normoglycaemia on evoked potentials in chronically hyperglycaemic rats has been published (Morano et al., 1996) . In that study, islet transplantation was performed 4 months after onset of diabetes, in order to achieve near-normal glycaemia. Transplanted diabetic rats showed a further increase, rather than a decrease, in the VEP P1 latency compared with untreated diabetic rats (Morano et al., 1996) . Whether this different outcome is related to the different method of achieving normoglycaemia remains to be determined. Since both the study by Morano et al. (1996) and our study used a limited number of rats in each experimental group, studies using larger numbers of animals are needed to examine further the potential reversibility of evoked potential abnormalities in diabetic rats in more detail.
Underlying mechanisms
The pathogenetic mechanisms underlying the neurophysiological alterations in the PNS in diabetic rats have been studied extensively (for reviews, see Cameron and Cotter, 1994; Arezzo, 1997) . Metabolic and vascular processes have been proposed to change the microenvironment of the nerve, leading to early reductions in nerve conduction velocities (Greene and Lattimer, 1983; Tuck et al., 1984) . Further slowing of nerve conduction velocity may be due to structural changes, which can be detected as early as 1 month after diabetes onset and are slowly progressive (Yagihashi, 1995) .
Less is known about the underlying mechanisms of alterations in the CNS in diabetic rats (for review, see Biessels et al., 1994) . Cerebral metabolic (e.g. Knudsen et al., 1989; Kumar and Menon, 1993) and vascular (e.g. Duckrow et al., 1987; Jakobsen et al., 1990) disturbances have been demonstrated within weeks after diabetes induction. However, the severity of these disturbances appears to be limited compared with the PNS (Biessels et al., 1994) , possibly leading to a less hostile neuronal microenvironment. This could explain an important part of the difference in the course of development of functional changes in the CNS and PNS in diabetic rats.
Conclusion
The course of development of neurophysiological changes in diabetic rats differs between the PNS and CNS. In the PNS, neurophysiological changes can be detected within weeks after diabetes induction. In the CNS, changes in the central auditory, visual and spinal pathways develop concomitantly from 3 months after diabetes induction onwards. The present observations have important implications for experimental studies into the pathogenesis of the effects of diabetes on the CNS. Studies that aim to link putative pathogenetic factors to neurophysiological deficits and studies that assess the functional benefits of pharmacological interventions aimed at correcting possible pathogenetic factors should use rats with a diabetes duration of at least several months.
